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Abstract

Scanning n ear-fie ld optical mi c roscopy
(SNOM), in which an aperture
is scanned
over an object very close to
its
surface
(Pool,
1988),
has overcome the wavelength
limit of resolution of an optical microscope
by
adopting an apert ur e s maller than
the
wav e l e ngth (Fisher
et al. 1987);
the resolution is a function of the aperture diameter.
Magnetic
resonance imaging (MRI), which is
wid e ly used in
medical
applications, has
already obtained
mu ch
higher
resolution
than th e
wavelength of the radio wave. In
MRI, a field gradient is used to spatially
c hange
the
resonance frequ e ncy (Lauterbur,
1973) .
Electro n spin resonance (ESR) imaging
whic h de t ects the distribution of unpaired
e l ect ron spins has been developed using the
same field gradient method
(Eaton and Eaton
1987, Ohno
1987) . Th e low r esol ution due to
th e large lin e width
of ESR signals was improved in ESR mi croscopy by making field
gradie nt coils within a mi crowave cavity (Ikeya
and Miki 1987).
In this letter, a me thod to obtain high
spati al
r esol ution with a new ESR mi crowave
scannin g mi croscope (Furusawa and Ikeya, 1988,
1990), which is based on similar concept to a
SNOM (Wilson and Shepperd, 1984), is reported.
A
r eso lution
higher than
both the wavel e ngth of the microwave (3cm) and the diameter
of the
micr owave exposed spot is
obtained by solving the convoluti on integral.
The met hod can be applied to oth e r scanning
microscopes.
Figure la shows a TE 102 mode microwave
resonance cavity with
an
aperture (1 mm
diameter) at the end
plane.
A sample
in
contact with the cavity is attached to a
mechani cal stage, which is moved by stepping
motors in the z-x plane. The concept of the
system is
essentially the same as the SNOM
except that a magnetic field is applied to
the sample
along the z-direction to detect
the absorption of microwaves du e to magnetic resonance.
The microwave magnetic field
along the x-direction is shown by broken
curves.
Figure lb
shows a contour map of the
spatial distribution of the sensitivity around
the aperture r(z,x), which is based on the
ESR signal intensity map of
a standard
dot sampl e o (z,x) of DPPH (diphenyl picryl

Electron spin resonance (ESR) images
were obtained by scanning samples over an
aperture
of
a
microwave
cav ity.
A
spatial resolution of 0.2 mm, which is below
both the wavelength of the electromagnetic
wave
( ,.,_, 3 cm)
and the diameter of the
aperture ( 1 mm), was
obtained by using a
deconvolution
algorith m. Resolution of three
dots within a 1 mm diameter was demonstrated
using a test sample.
Microscopic images of
spin
concentration of Gd 3 + impurity before
and after deconvolution are shown using a
natural s ingle crystal of zircon (ZrSi0 4 ) with
a zonal structure.
ESR images of Jurrasic
carbonate fossils of crinoid and a mmonite are
shown.

KEY WORDS: near-field, electron spin resonance, scanning, micros copy, imaging, zircon,
deconvol ution , resolution, radiation damage,
gadolinium.
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A syste m function or point spread function
(PSF) of t h e aperture, r(z,x), which
is
obtained by scanning a dot
sample
of
paramagn etic
organic substance of
DPPH
on
th e aper tu re
(ci r cled ) with l mm
diame ter.

Lex
TE102 mode
rectangular cavity

I

I

by
hydrazyl). The spread of the microwav e
diffraction
around
the aperture,
which is
seen
indicate d
by
the circle, is clearly
from the image (Good man 1970).
Let
the
spin distribution of the
object be f(z,x).
The observed ESR
signal
in tensity
map g(z,x) is
then
given
by
th e convolution integral
g(z,x)

=

JJ

Fig .l a
ESR microwave scanning microscope
cavity with an
aperture,
over which a
flat sample is placed and scanned in z-x
plane using a computer-contro lled mechanic al X-Y stage.

r(z-z ',x-x')f(z',x')dz'dx'

r( z ,x),g(z,x)

f(z.x),

respectively

and

(3)

jR(w1,w2)12

+

K

whic h is us e d to avoid the dispersion by
R(w1,w4)-l
Figure 2a shows the positions of three
DPPH particles
with
different
sizes
within the ar e a of the ap e rture circle
of
the cavity.
Th e
apparent
image of the
signal
inte nsity g(z,x), obtained by scanning
the test
sample,
is shown in Fig. 2b. The
deco nvolution of g(z,x)
by
Eq.(2) using an
appropriate filter constant K in the Eq.(3)
gave the con tour map of the spin
distribution f(z,x) in Fig.2c.
Three particles
are
ce rta inly
r eso lve d
in the image in 2c. The
in tensity of the smallest
particle, No.3 , is
howe ve r, close to that of the noise induced
artifact shown by broken contour lines.

(1)

For a small particle such as the dot sample
of th e DPPH, f(z,x)
can b e approximat e d by
o (0,0) and th e observed signal intensity map
g(z,x) coincides
with
r(z,x) in Fig.l(b). When
the function r(z,x) is known,
the
spin dis tribution
can
be
deconvoluted using the
Fourier transform (FT) as follows:
G(w 1 ,w 2) ]

and

W(w 1 , w 2 ) is the Wi e ne r filt e r function

(2)

R(w 1 ,w 2)
wh e r e
G(w ,w 2 ),R(w ,w 2) and F(w 1 ,w 2 ) are
1
1
th e
two - dimensional
Fourie r
transforms of
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Fig.2 a. A test sample of three DPPH dots within an aperture of l mm, f(z,x).
b. An apparent ESR
contour map image of the three dots, g(z,x).
c. A resolved contour map image f(z,x) obtained by
deconvoluting the image of g(z,x) with the
system
function r(z,x) in Fig.l b
using an
Wiener
filter
function.
Three particles are resolved.
The broken curves are artifacts due to
the
noise in the signal.
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Fig.3a . 1\11 apparent two dimensional ESR image
c rystal or
natu r a l
g(z.x) ror n s in g l e
zi n:o n f' 1· om Taiwan. Til e image shows the
d i sLr·i lrntio n or c c1 3 + impu 1·i t. i cs .

l·' i g.4a . l•:SH
image or the co nc e ntration o r
_
\Jn 2 +in
a
ca rb o nat e
ross i l
or
crinoid
(.Jurr as i c) .
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b.

/\n image wit h a bett e r rc>s o luti on, f'(z , x).
af'ter
deconvoluti o n using a system !'un ction r (z . x) in Fig. I IJ.

b. LSI! imag e o r the co n ce ntra t i o n o r Mn 2+ in a
hair-c ut slice o r a r oss il a mm o ni tc .
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Present results Indicate that the resolution is neither limited by the wavelength
of the electromagnetic wave nor by
the
aperture diameter.
A necessary cond ition to
get a high resoluti on is accurate
knowledge
of the aperture system function r(z,x) and
of the
signal
function g(z,x)
obtained
by using small scanning steps: the step
length
and
the signal to noise ratio (S/N)
restrict the resolution.
Figure 3 shows scanning ESR microscope
images of paramagnetic Gd 3+ impurities for a
slice of natural
zircon
crystal
from Taiwan; the crystal
has
red
colored zones
due to inhomogeneous distribution of
impurities.
The images consist of 40 x 40 points
with a step width of 0.25 mm. The unprocessed
image
g(z,x) is presented in Fig.3a.
The edge
resolution
is improved
in Fig.3b
by deconvolution with the system
function
r(z,x) as shown in Fig.lb, as
was
made for
the test sample of three DPPH particles.
We have also imaged the signal intensity
of paramagnetic defects induced by natural
radiation in zircon and obtained a nice correlation wl th the image of fission tracks; the
intensity of
radiation-induced signal is
related to the local concentration of uranium.
Radical concentration in a slice of human
tooth irradiated with gamma or x-rays was
imaged as
microscopic radiation dosimetry
(Ikeya and Furusawa 1988). The localization of
nitrogen and nickel in growth sectors of a
synthetic diamond was also Imaged as will be
published elsewhere.
Figure 4 shows some images of carbonate
fossils, a Jurassic Crinold stem and an amm~;
nite in pseudocolor. The distribution of Mn
Jons are imaged In these fossils.
Presumably
Mn 2+ must have diffused into the carbonate
fossils (Furusawa and Ikeya 1990).
We are also developing a portable ESR
spectrometer using a permanent magnet of
NdBFe (Neomax) so that the scanning ESR
microscope can be used In a wide field (Ikeya
and Furusawa 1989).
In
summary, we
have
demonstrated a
high
resolution
microwave scanning
ESR
microscope . This
simple microscope
as well
as the deconvolution technique should be
applicable
to ESR studies in
other fields
like biology,
medicine,
ceramics and semiconductor technology.
The same algorithm
may
be
also used in near-field optical, Xray, electron or ion beam and other types
of scanning microscopy to improve the resolution beyond the diameter of the beam.
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